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1.0 SUMMARY
This is the final report of the work performed under contract to NASA Manned
Space Flight Center on the design and test of an all mechanical Mass Flow Con-
troller. The program involved design, development, manufacture of four MFC
units and a test program using inert gas as the test medium. The unit controlled
the pressure within ± 1 percent. An analytical method is described for relating
the control pressure error with error in mass flow.
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Z. 0 INTRODUCTION
Control of the mass flow rate is essential for controlling the fuel-oxidizer mixture
ratio or controlling the thrust level of a rocket engine. In a rocket engine designed
for a constant thrust level, the flow rate of the propellants must be maintained
essentially constant. When gaseous propellants are used, it becomes more difficult
to maintain a constant flow rate than when liquid propellants are used. In a typical
rocket engine system using gaseous propellants, both the pressure and temperature
of the propellant supply will vary. The function of a mass flow controller is to
compensate for these variations as required to maintain the flow rate constant.
An all mechanical approach to mass flow control is illustrated in Figure 1. In this
approach a fixed flow restriction is combined with a temperature biased absolute
pressure regulator. The pressure regulator maintains a constant control pressure,
Po, so long as the temperature of the propellant does not change, even though the
propellant inlet pressure varies. Under these conditions the pressure at both ends
of the fixed flow restriction is constant and the flow rate is therefore constant.
When the propellant temperature changes, the temperature biased pressure regulator
alters the control pressure proportionally so as to maintain the flow rate constant
through the fixed restriction.
I'he equation for subsonic gas flow through a fixed restriction can be approximated by
the equation
c = g CA Pc (Po-Pc) . . . . . . . . (1)
R ZT
It (an be seen that the flow rate through the fixed restriction will be constant if the
term Linder the radical is maintained constant. This term is constant when the
pressure drop, Po - Pc, is caused to vary with the absolute temperature, T. This
is easily seen when Pc and Z are constant; actually these two terms vary somewhat
with tenmperature, which requires minor modification to the proportionality main-
taitied between Po - Pc and T.
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DEFINITIONS OF SYMBOLS
A Flow area of throttling element, in
Z
AbAb Bellows area, in
z
C Coefficient of discharge, dimensionless
BTU
Cb Specific heat of bellows, LB - ° R
F Force, lbs
g Conversion Factor, LBrn ft
LBf - secc
h
Isp
Film Coefficient, B T
sec- inB - R
Specific Impulse, LB f
LB - sec
m
Thermal Conductivity of Bellows BTU
sec - in - R
Thermal Conductivity of Belleville Spring,
sec
BTU
-in - O R
L Bellows Stroke, in
Lb Bellows Conduction Path, in
L s Belleville Spring Conduction Path, in
Mb Mass of Bellows Corrugations, lb
M s Mass of Belleville Spring, lb
Bellows Charge Pressure, psia
PY. Thrust Chamber Pressure, psia
P i Inlet Pressure, psia
pO Control Pressure, psia
R Specific Gas Constant Ft- LBf
LBm 0 R
Temperature of Bellows, 0 R
Temperature of Bellows, 0 R
Temperature of Propellant, R
Temperature of Belleville Spring, R
s
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DEFINITIONS OF SYMBOLS (continued)
T Temperature, 0 R
t Time, secs
V Volume, in 3
w Flow Rate, lb/sec
x Percent error in oxygen flow rate
y Percent error in hydrogen flow rate
Z Compressibility Factor, dimensionless
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3.0 BASIC DESIGN CONCEPT
In the all mechanical approach a fixed flow restriction is combined with a temperature
biased absolute pressure regulator, hereinafter referred to as the Mass Flow
Controller (MFC). In a rocket engine the injector together with the ducting connecting
the injector and the MFC constitute the fixed flow restriction. At the beginning of
the program this flow restriction was assumed to result in a 60 psi pressure drop
when passing rated flow at 100°F to a combustion chamber at 300 psia. The chamber
pressure varies somewhat with the temperature of the entering propellant in
accordance with Figure Z.
Figure 2 was obtained from the expression
Pc( - Isp (T) 
Pc(560 I sp (560)()
which is valid for constant mass flow of the rocket engine.
The variation of specific impulse with temperature was obtained from Figure 3.
Figure 3 was prepared from data from NASA Houston for a rocket engine with a
O/F ratio of 4, expansion ratio of 40 and a thrust chamber pressure of 300 psia.
This curve is valid for O/F ratio from 3.8 to 4.2.
Figure 4 includes two curves, one for oxygen gas and one for hydrogen gas, showing
the required variation in control pressure with temperature for constant mass flow.
The curves were prepared using the equation
CA PCM
Z T . ........... (3)
Which is a more exact equation than (1) for the flow through a fixed restriction.
Figure 5 is a schematic drawing of the Mass Flow Controller. It incorporates a
shutoff poppet, which is controlled by a two-position, three-way solenoid pilot valve
for the off-on function. Downstream of the shutoff poppet is the pressure balanced
throttling element, consisting of a stationary cylinder and a rotating cage. The cage
is normally positioned by the belleville spring so that its slots are aligned with the
slots in the cylinder. When the pressure at the outlet, Po, rises to the set value,
the bellows, which connects with the cage through a linkage, rotates the cage toward
a more restrictive position. The amount of cage rotation is that required to maintain
the outlet pressure at its correct value for the temperature of the propellant. When
the propellant temperature increases, the internal pressure in the bellows incr-ea:,fs
and causes the MFC to control the outlet pressure to a higher value.
'HS P36 8-70
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In order for the MFC to vary the outlet pressure with temperature in accordance
with one of the curves of Figure 4, the slope must be correct and the pressure level
must be correct. The slope of the curve is determined primarily by the bellows
charge pressure: the greater the charge pressure, the steeper the slope (larger
pressure change for a given change in propellant temperature). The pressure level
of the MFC is determined by the pressure charge and the belleville spring load.
3.1 Tolerance
The all mechanical MFC is basically a temperature biased absolute pressure regulator.
It uses a helium charged bellows to sense both the pressure and the temperature of the
flowing gas. Because the MFC is a pressure operated device its precision is best
expressed in terms of a tolerance in the control pressure, e.g. +3 psi at 0°F tempera-
ture. It is of interest however to relate pressure tolerance to tolerance in mass flow,
mixture ratio and thrust when two controllers (an oxygen MFC and a hydrogen MFC)
are used to supply a rocket engine.
When one MFC delivers its propellant at a higher or lower pressure than the correct
value, it causes a proportional error in the flow rate of its propellant. This error in
flow rate results in a deviation in the chamber pressure of the rocket engine. The
change in chamber pressure represents a change in the outlet pressure of the fixed
-low restriction of the other propellant; consequently it causes an error in the mass
flow rate of the other propellant even when the MFC for that propellant is controlling
without a pressure error.
An analytical method was developed for relating these tolerances. It consists of
assuming a percentage error in flow rate of each propellant and calculating the
resulting mixture ratio, chamber pressure, and control pressure for each propellant.
Figures 6 and 7 were constructed from the results of several such computations.
Details of the method are described below.
An error of +x% error in oxygen flow rate and +y% error in hydrogen flow rate
results in the following O/F mixture ratio
4 (1 + )
O/F = 4 (1 + 1) . .......... (4)
1 + y100
and a change in flow rate through the engine of
A_ 4 - + y
= 100 100 .. . . . . . . . (5)
co 5
HS P36 8-70
SYSTEMS DIVISION NO. EER5716068 BY WT PAGE 7
REVPARKER a HANNIFIN LTR NC 
DATE 1-19-72 
A new chamber pressure was calculated using the chamber pressure from Figure '2 and
lodifying it by the new mass flow
Pc = 1 + x Pc (from curve)
Equation (1) was then used to calculate a new outlet pressure, Po, for each propellant.
These two pressures were used to establish a point on one curve of Figure 6 or
Figure 7.
For an oxidizer-fuel ratio of four, the hardware required for an oxygen MFC should
be the same size as a hydrogen MFC. This follows since for equal pressure drop the
flow passages should be approximately the same for both propellants. It is therefore
logical to expect equal pressure errors of the MFC for each propellant. Figures 6
and 7 show that for equal pressure errors the hydrogen MFC will suffer approximately
twice the mass flow percentage error of the oxygen MFC.
Figure 8 is a plot of the allowable pressure band over the entire temperature range
band on a nmass flow error of Z-1/2 percent and 5 percent for the oxygen and hydrogen
units respectively. This figure shows that the allowable pressure error decreases
as the temperature of the propellants decreases.
The allowable pressure control band can be increased without increasing the mass
flow error by designing the system for a greater pressure drop through the fixed
flow restriction. (See paragraph 6. 3)
3.2 Bellows Charge
The bellows is charged with helium gas and subsequently sealed. The charge
required to cause the MFC to control the outlet pressure in accordance with
Figure 3 may be calculated from a force balance. The force balance, in its simplest
formi, consists of the
1) spring force, F: belleville spring load plus the installed load
in the bellows (the bellow is assembled so that it is in compression throughout its
stroke). The spring force acts to hold the throttling element in its open position.
This force is a function of temperature, decreasing approximately Z% per 100°F
increase.
2) gas charge, Pb, acting over the effective areas of the bellows, AB,
pushes the throttling element toward the open position. This force varies directly
with absolute temperature.
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3) outlet pressure, Po, acting over the effective area of the bellows,
AiD, opposes the other two forces and balances them when the outlet pressure
reaches the correct pressure value.
The force equation in its simplest form is
F
Ab + Pb = Po .............. (6)
F
If the terms - and Pb represent their magnitude at 100*F temperature, their
magnitude at any lower temperature T
(T) = 1l + .02(560-T)Ix
T
16 x Pb ' '
F
Ab
.. . . . . . . . . . .(7)
. . . . . . . .. . . . . . . (8)
The above three equations and the values of Po taken from Figure 3 can be used to
calculate Pb and F . These calculations for the oxygen unit give
Ab
Pb = 112 psia at 100°F
F
- = 248 psi at 100°F
Ab
During testing of the prototype MFC it was discovered that the above force balance
requires modification in order to account for a temperature dependent closing force.
This force results from the pressure drop between the throttling element and the MFC
outlet. The pressure drop creates a difference in pressure across the belleville
spring, resulting in an additional closing force on the throttling device. Additionally,
the pressure drop results in a greater pressure surrounding the bellows than is indicate.d
by the outlet pressure. These two effects are temperature dependent since pressure
drop, at constant flow, is temperature dependent.
The effect of the additional closing force was determined empirically. It res-:lts
in the revised charge pressures and spring loads as follows:
HS P36 8-70
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For the oxygen MFC
Pb = 148.7 psia at 100°F
F/Ab = Z46. 3 psi
For the hydrogen MFC
Pb = 133.6 psia at 100°F
F/Ab = 261.4 psi at 100"F
3.3 Thermal Response
The thermal response of the MFC is determined by the rate at which the belleville
spring and the helium charge inside the bellows respond to a temperature change of
the propellant gas. The most rapid change of propellant temperature occurs when
the MFC, stabilized at its maximum temperature (100°F), is opened with a gas
supply at its minimum temperature (-210"F for an oxygen MFC, -260°F for a
hydrogen MFC). In this circumstance the MFC will regulate to a pressure higher
than it should until the bellows and belleville cool to near the temperature of the
propellant gas. Slower thermal response occurs when oxygen is the propellant as
its thermal conductivity is less than that of hydrogen.
Bellows - The bellows thermal response was calculated by assuming
that the mass of the bellows is concentrated in the center of the bellows wall and
that the length of the conduction path is one-half the wall thickness. The heat
transferred from the center of the wall to its outer surface is derived from cooling the
bellows mass; i.e.
dTb _KbAb
MbC dTb KbAb XTb - Tbo ) . . . . . . . . . . .(9)d t - Lb b
wherethe expression on the left side of the equation is the cooling
rate of the bellows and the expression on the right the rate of
conduction to the outer wall of the bellows.
The energy conducted to the outer wall of the bellows is transferred to the propellant
by convection.
KbAb
Lb (Tb - Tbo) = hAb (Tbo - Tg) .... . . . . . . . . (10)
Lb
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Equation 10 can be solved for Tbo and the result substituted
resulting expression may be written
dt =
Kb1 + Kb
KbAb
LbMbCb
in equation a. The
dTb
Tb - Tg
an expression which can be integrated if Tb and t are considered as
the only variables. Actually, conductivity, specific heat, and the
film coefficient vary with temperature, but not sufficiently to
invalidate the result. Integration gives
Kb_
1+ h+ Lb
Lbt =MbCb
Lb Mvb Cb
in (Tb - Tg)t = o
(Tb - Tg)t = t 
Figure 10 is a plot of Tb vs t obtained from equation 11
MFC. Values used for the constants are listed below.
Kb = 1.16x 10
- 4
for the oxygen
BTU
Sec - i.n - °F
Lb = 7.85 x 10
- 3 In
Cb = .076 BTUlb - OF
Ab = 38.2 In
Mb = .1 74 lbs
h = .34 x 10
(Bellows area and mass were calculated
neglecting the end fittings)
BTU
Sec - in -2Sec - in - °F
Belleville Spring - An analogous expression to equation 11 for the
relationship between belleville spring temperature Ts and time t is as follows:
Ks
t = hLs In (Ts - Tg) t= o
Ks As (Ts - Tg) t = t
Ls MsCs
(1)
, . . (11)
'HS P36 8-70
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The equation was derived in the same manner as the equation for the
bellows. The spring was considered symmetrical to a plane passing through its
Center (perpendicular to its axis) with the length of heat transfer equal to 1/4 its
thickness and a heat transfer area equal to its surface area, or
Ls .0188
A s = 18 inz
M s = .19 6 in
Film coefficient, conductivity and specific heat was assumed to be the
same as for the bellows.
Figure 9 includes a plot of the belleville spring temperature vs. time
obtained from Equation 12.
The temperature of the bellows and the belleville spring at any time t
was used to calculate a regulated outlet pressure for that same time. The technique
used was to calculate (1) the amount that the helium gas charge pressure decreases
(assuming that the helium gas temperature closely follows the bellows wall tempera-
ture) as a result of its temperature decrease from its initial temperature to its
temperature at time t and (2) the amount that the belleville spring force increases
AFs ; as a result of its temperature decrease from its initial temperature to its
temperature at time t. The regulated pressure at time t was taken to be its initial
regulated pressure (360 psia) plus the belleville spring effect (&F s /AB ) less the
pressure change of the helium charge. (This calculation did not include a term for
the pressure drop through the unit. It did use a bellows charge pressure, 112 psia
at 100 degrees F, which is correct for a MFC without the pressure drop effect
(See paragraph 3.2 ). Results of the calculation are plotted in Figure 10. It
shows that the MFC, when subjected to a step temperature change of 310 degrees
F, regulates within three psi of the correct pressure setting for the new propellant
temperature within approximately two seconds. It is interesting to note from Figure
11 that after Z seconds time the temperature of both the bellows (-162 degrees F)
and the belleville spring (-67 degrees F) are considerably greater than the pro-
pellant temperature (-210 degrees F) and yet the regulation pressure is within 3
psi of the correct regulation pressure. This apparent paradox is explained by
noting that the effect of a bellows temperature error is opposite from the effect
of a belleville spring temperature error; i.e. a bellows temperature higher than
the propellant causes a high regulation pressure whereas a high belleville spring
temperature causes a low regulation pressure.
IS P36 8-70
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4.0 DESIGN
The Mass Flow Controller design is shown in Figureid. 11 and 1Z. 2. Its primary
elements are a shutoff valve incorporating a housing, a shutoff valve, a pressure
balanced throttling device, consisting of a stationary cylinder and a rotating cage,
a hermetically sealed bellows assembly containing a helium gas charge, and a nega-
tive rate bellevill. spring. These elements are pictured in Drawing 5716187 and
Drawing 5716068, reduced size copies of which are included as Figures lHand 12.
These elements are discussed in some detail below.
4. 1 Housing
The MFC is designed for an operating pressure of 2000 psia inlet and
360 psia outlet (at 100 degrees F). Proof pressures are 3000 psia and 540 psia
respectively. The housing is structurally sound for outlet pressures up to 2000
psig but such pressures would damage the bellows. Safety factors at the flanges for
inlet and outlet pressures of 3000 and 2000 psig respectively are shown on Figure 13.
4.2 Shutoff Valve
The shutoff valve is a piston operated type controlled by a separate
solenoid pilot valve. The poppet, which is clamped to the piston at its inner
periphery, has some self-alignment capability at its seating surface, which pro-
jects beyond the skirt of the piston and seats on a raised, flat-lapped annulus on
the cylinder. In the closed position the poppet is pressure loaded in contact with
the seat.
The piston is normally spring loaded to the closed position. Pressure
at the inlet communicates with the piston chamber via the solenoid pilot valve
When the solenoid pilot valve is energized, the piston chamber is connected to
the outlet port of the MFC. This causes the piston chamber to bleed down until
the inlet pressure opens the piston. The piston is prevented from slamming open-
ing by the built-in snubber action as the piston approaches its open position stop.
The piston is guided by a CRESstem which moves in a filled Teflon
bearing. Its peripheral seal consists of two step-cut piston rings of a filled Teflon
material backed up by a CRES expander ring.
4.3 Cylinder and Cage
The throttling element consists of a stationary cylinder and a rotating
cage, each with six peripheral slots. Throttling occurs as the slots in the cage
rotate out of alignment with those in the cylinder.
AS P36 8-70
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4. 3 (continued)
There are six slots in the cylinder and six matching slots in the cage.
P'our of the slots are 1/8-inch wide and two are 1/4-inch wide. The orientation
is such that the four narrow slots close simultaneously when the two wide slots
are in their mid position. There is .0025 radial clearance (nominal) between
the two parts when installed. Twenty-three degrees rotation from the closed
position is required to fully open all slots. The flow area versus rotation is
shown on Figure 14.
4. 4 Bellows Assembly
The bellows used in the MFC was an off-the-shelf item. It has
7-1/2 active convolutions and was obtained by machining an existing 14
convolution bellows obtained from Robertshaw Controls Company, Knoxville,
Tennessee. This bellows , Robertshaw P/N A2000A08, is a single-ply, hydro-
statically formed, seamless, 18-8 CRES bellows with the following specifications:
OD: 2. 00
ID: 1. 34 inches
Wall thickness: . 0157 in.
Length per active corrugation: . 110 in.
Spring rate per active corrugation: 4000 lb/in
Maximum stroke per action corrugation: .023 in.
Effective area: 2. 22 in. 2
Maximum pressure rating: 395 psi differential
Bellows Spring Rate
The spring rate of the bellows is made up of a mechanical portion, or
that due to the spring rate of the 7-1/2 active convolutions, and a pneumatic portion.
The pneumatic spring rate results from the-fact that the bellows cannot be deflected
without compressing or expanding the internal charge. If the internal charge
follows an isothermal process during deflection, the pneumatic spring rate may
be calculated as follows:
Differentiating the perfect gas equation for an isothermal process
(pV = constant), dPb
dV + V L - 0
Pb dL
A dL F
Since dV = B dL and dP = dFAB
2
dF = - AB P
dL V (13)
-IS P36 8-70
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The mechanical spring rate is approximately 535 lb/inch at room
temperature and decreases with increasing temperature at a rate of approximately
2% (10.7 lbs/inch) per hundred degree change. The pneumatic rate is directly
proportional to the internal pressure and consequently increases with increasing
temperature. The bellows assemblies were charged with helium to 148. 7 psia
(bellows assembly at midstroke, 100 degree F temperature) for the oxygen MFC
and 133.6 psia for the hydrogen MFC. (See Paragraph 3.2 ) The spring rate
variation with temperature is shown below for the bellows used in the oxygen MFC.
Temperature Mechanical Pneumatic Assembly
Spring Rate Spring Rate Spring Rate
Degrees F lb/inch lb/inch lb/inch
100 532 490 1022
-210 565 219 784
4.5 Belleville Spring
The spring loads, as described in the preceding paragraph, were
found to be:
F = 246. 3 x 2. 22 = 546 lbs. for the oxygen unit and
F z 261. 4 x 2. 22 = 580 lbs. for the hydrogen unit
Approximately 20 lbs of each of the above loads is obtained from the compression
of the bellows. The remainder is the calculated load of the belleville at its mid-
stroke position.
The belleville spring operates in the negative spring rate regime
throughout the operating stroke (. 036 inches) of the linkage. The spring rate of
the belleville spring was designed to be near the spring rate of the bellows assem-
bly. If the two were equal (but of opposite sign) the net spring rate would be zero.
A zero spring rate system would permit the throttling device to take whatever
restrictive position required by changing pressure and/or temperature of the
propellant without change of outlet pressure. For stability reasons, however,
it is desirable that the net spring rate remain positive.
4.6 Solenoid Pilot Valve
The Solenoid Pilot Valve is a two-position, three-way direct operating
valve purchased from Circle Seal Corporation, Part No. SV 30 A 32 P 4 T, cleaned
for oxygen service.
S P36 8-70
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5.0 TEST PROGRAM
The test program was originally planned to include component tests,
prototype tests, Acceptance Tests and Design Verification Tests. It was necessary
to expand this to include additional tests, termed "Pre Production Tests" because
of unanticipated problems requiring (1) redesign of the cage and cylinder and (2)
modifying the bellows charge.
5. 1 Component Testing
At the beginning of the program, certain components were recognized as
being critical to the success of the all-mechanical Mass Flow Controller. These
were (1) the cage and cylinder assembly (2) the charged bellows and (3) the belle-
ville spring. Development tests were planned for these components to verify their
performance as components before assembly into a complete MFC.
5. 1. 1 Cage and Cylinder Assembly
A prototype case and cylinder were machined from 17-4 barstock in
accordance with Parker Drawings 5716069 and 5716070, both to Revision A. These
components were assembled and tested in a test fixture.
When pressure was applied, a high separating force was developed.
This was determined to be caused by inadequate venting of the space between the
cage and cylinder. The venting area was increased by slotting the end plate of
the cage and charmfering its forward end. This eliminated the high separating
force.
Torque testing of the cylinder and cage was conducted at various pres-
sures with an orifice in the outlet line downstream of the fixture of a size which
will pass rated flow at approximately 300 psi in the test fixture. Torque readings
were obtained using hand held torque wrench and also using an electrically driven
torque meter. Results of the test using the torque meter are included as Figure
15. The torques obtained indicate an opening torque on the cage, that is, the fluid
tends to align the slot in the cage with the slot in the cylinder.
An effort was made to eliminate or reduce the magnitude of the torque
by the following three methods.
(1) Shaping of the leading edge of the slot in the cage.
(2) Attaching a fence to the cage at two of the slots which protruded into
the slot of the cylinder. The arrangement is shown in Figure 16
The fences produce an unbalanced pressure area which result in
a closing torque when the slot in the cage is in the near closed posi-
tion.
'HS P36 8 70
EER5716068 WT PAE16SYSTEMS DIVISION NO EER5716068 BY WT _PAGE 16
PARKER ( HANNIFIN LTR NC 
DATE 1-19-72 
(3) Attaching a shroud to the cage which directs the flow from the
slots in a longitudinal direction. The shroud is pictured in
Figure 17. Various positions of the shroud were tried relative
to the slots in the cage.
The various devices tried in an effort to reduce the torque altered the
shape of the torque-displacement curve but none showed a consistent improvement
of the total torque range over the working angle of the assembly.
Wheiparts became available to complete the assembly of a MFC, the
prototype cylinder and cage in its unmodified form was used in the assembly. The
assembly was tested over an inlet pressure range of 400-1000 psig and performed
without any problem traceable to a torque on the cage. Further torque tests of
the cylinder and cage were discontinued.
5. 1. 2 Prototype Bellows
A prototype bellows assembly was fabricated and filled with helium
to a pressure of 112 psia at midstroke and 100 degrees F temperature. (The
pressure was calculated to be the required charge pressure for an oxygen MFC
without a flow sensitivity correction). The bellows was stroked using a spring
tester and a force deflection-curve obtained both for increasing load and for
decreasing load. From this curve the following data was obtained.
Force at midstroke: 225 lbs.
Spring rate of filled bellows, 75 degrees F = 835
Hysteresis: negligible
The prototype bellows was used in the prototype MFC assembly. The performance
of this unit is shown in Figure 19.
5. Z Prototype MFC Testing
The first MFC was assembled using the prototype cage and cylinder,
the prototype bellows assembly and the prototype belleville spring. It was tested
in the test setup shown in Figure 19.
Pressure regulation performance of this unit is shown in Figure 19.
Analysis of this data resulted in the following conclusions:
(1) S$catter of data at a particular flow rate is approximately 12 psi
(- 6 psi).
(2) Decreasing the flow rate by changing the downstream orifice from
.687 diameter to .624 diameter causes an upward shift in control
pressure of approximately 20 psi at 0 degrees F.
'HS P36 8-70
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(3) The slope of the pressure vs. temperature curve at constant flow
rate is less steep than the target curve. The target curve shown
is obtained from the oxygen curve of Figure 3 less (a) 14. 7 psi
to, convert it to a sea level gage pressure reading) and (b) the
velocity head in psi for rated flow in the outlet line where outlet
pressure is measured.
The prototype MFC was cycled 1000 times at room temperatures using
a solenoid pilot valve. Inlet pressure was 400 psia. Following the cycle test the
unit was disassembled and inspected. No damage was detected as a result of the
cycle test.
5. 3 Pre Production Testing
Analysis of the results of testing the prototype components and the
prototype MFC assembly led to certain design changes. The bellows assembly
charge pressure was increased to increase the slope of the pressure regulation
curve and the cage and cylinder were altered for increased strength and improved
performance.
The cage wall thickness was increased to strengthen it where the
prototype cage had proved weak. The journal of the bearing was increased in
section to reduce the deflection resulting from the linkage loads.
The radial clearance between the cage and cylinder was decreased
and the length of the slots were decreased to reduce the fluid torque effects and
consequently improve precision. The cage and cylinder were made in a four-
slot and six-slot version. Comparative tests showed the six slot version markedly
superior. All testing of the four-slot version was discontinued and six-slot cages
were ordered for all production units.
At this time it was decided that remaining performance testing would
be conducted over a 500-700 psi inlet pressure range rather than 400-2000 psi
design range. The limited inlet pressure range avoids the inlet pressures which
cause a still unexplained rise in outlet pressure of approximately 20 psi. The
inlet pressure range of 500 to 700 psig is consistent with use of a roughing regu-
lator upstream of the MFC.
The body which had been used on the prototype MFC was modified by
adding a second outlet port. This was accomplished by drilling a hole in thef body
downstream of the cylinder and cage assembly, tapping a 1-inch pipe thread and
installing an AN816-16 nipple. The body was used in a complete assembly using
a six slot cage and cylinder configuration. The original outlet port was capped
p36 8.70
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arld the unit placed in the test setup with the downstream system, including the ori-
fice, connected to the new outlet port. In this configuration the flow passes from
the cylinder and cage to the outlet, bypassing the belleville spring and bellows. Out-
let pressure was modified at the port in the original outlet flange which opens to
the region of the bellows. The bellows assembly used was charged to 135 psia at
100 degrees F, midstroke position.
The modified assembly was tested with orifices of .687 diameter and
.562 diameter installed in the outlet. The resulting pressure regulator curves are
shown in Figure 20. The curve for the . 687 diameter orifice shows the outlet pressure
to be approximately 42 psi higher at 0 ° F than when tested in the conventional manner.
This increase results from (1) elimination of the closing force on the belleville spring
and (2) measurement of the pressure at a location which is at the same pressure level
as the bellows. The tests also show an upward shift in outlet pressure of approximately
9 psi ( atO° F) when the orifice in the outlet is changed from .687 to . 562 diameter.
This is a smaller shift than occurs when testing the unit in the conventional manner
but is greater than anticipated.
Analysis of the test data resulted in the revised bellows charge levels
described in paragraph 3. 2. A bellows charged to the new level was assembled in
a MFC using an unmodified body. The pressure regulation curves resulting are shown
in Figure 21 for an orifice size of .687 and . 624 diameter. A point on the rated flow
performance curve is obtained where the test points taken for a . 687 diameter orifice
cross the rated flow line for that orifice. A second point on the rated flow perfor-
mance curve is obtained where the test points for the .624 diameter orifice cross the
rated flow line for that orifice. A line joining these two points is the rated flow per-
formance curve. This curve shows the correct slope for an oxygen MFC and the
correct pressure level.
The best transient temperature test occurred during test of this unit.
The inlet temperature was suddenly lowe red by approximately 300°F. The recorder
trace obtained is reproduced as Figure 22. It shows inlet temperature, outlet temp-
erature and outlet pressure vs. time. The test was conducted with a .6Z4 diameter
orifice in the outlet line and an inlet pressure of approximately 600 psig. The trace
shows the inlet temperature changing more rapidly than the temperature measured at
the bellows which is to be expected since there is some warming of the gas as it
passes through the MFC. The outlet pressure responds more rapidly than either
temperature which indicates that the charged bellows responds more rapidly than
the thermocouples used in the test.
The data from Figure 22 is reproduced on a larger scale in Figure 23. Plotted also
in Figure 23 is the transient curve prepared from calculations for a step tempera-
ture change. (See paragraph 3.3 and Figure 10.)
The test curve covers a greater pressure range since it is a test with
a .624 diameter orifice in the outlet line (hence the flow rate increases as the temp-
erature decreases) rather than with constant rated flow throughout the temperature
range. The test curve shows the outlet pressure to change more slowly than the
calculated curve. Part of the difference is explained by the fact that (1) a true step
temperature change was not obtained in the test and (2) some warming of the flow
occurs between the inlet and the bellows which was not accounted for in the calculatlor:s.
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An interesting recorder trace obtained with the preproduction unit by anmplifving
the outlet pressure signal. This trace is reproduced as Figure 24. It shows very
clearly the variation in outlet pressure as the temperature varies. It also shows
the outlet pressure responds more rapidly than does the thermocouple used to measure
the temperature.
5.4 Acceptance Tests
Four MFC units were assembled in accordance with the Manufacturing Operations
Routing for Part No. 5716068, a copy of which is included in the appendix. For each
bellows assembly and each belleville spring used, a load deflection curve was obtained
by use of a spring tester. These curves are included in the appendix. The curves
show a belleville negative spring rate somewhat greater in magnitude than the bellows
assembly positive spring rate. This results in a slightly negative spring rate of the
MFC which is undesirable for stability. Instability did not prove to be a problem
however during testing at limited inlet pressures (500-700 psig).
All production MFC units, adaptors and solenoid pilot valves were tested in
accordance with PTS5716068. Copies of these documents are included in the appendix.
Results of these tests are summarized belowv Copies of actual data sheets are included
in the appendix.
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Leakages recorded for the four production units are summarized
in Table 1. External leakage occurred at the joint when the cap attaches to the
body which sees inlet pressure, and at the joint where the housing attaches to
the body, which sees outlet pressure. The seals used consist of a single piece
Teflon jacket with an internal CRES expander spring and are standard parts ob-
tained from Raco. Surfaces in contact with the seals have finishes and dimensions
in accordance with the seal manufacturer's recommendations. Total external
leakage at the limited inlet pressure is less than 10 sccm.
Internal leakage occurred at the poppet seat (which may have been
augmented by leakage past two Raco seals which are potential parallel leakage
within two light bands and with a finish of four micro inch, except for one oxygen
MFC, S/N 02. This unit leaked excessively.
Another leakage recorded on the data sheets but not listed in Table
1 is the piston leakage. This is the leakage past the piston ring and occurs only
when the MFC unit is open. This leakage passes through the solenoid pilot valve
and into the MFC outlet, bypassing the throttling device. It produces no detectable
effect on the performance of the MFC.
5. 4. Z Pressure Response
A recorder trace obtained during a pressure response test is shown
as Figure 25. Four inputs were monitored:
(a) Solenoid voltage
(b) Inlet pressure
(c) Outlet pressure
(d) Pressure in the shutoff piston chamber
5. 4. 2. 1 Opening Response
When the solenoid pilot valve is energized it shuts off the fluid com-
munication path from the MFC inlet to the shutoff valve piston chamber and opens a
communication path from the piston chamber to the MFC outlet. The pressure in
the chamber then blows down until the shutoff piston begins to move. Once the pis-
ton begins to move, the downstream face of the piston, unpressurized when closed,
becomes pressurized. The increased area exposed to pressure produces sufficient
force on the piston to open it fully without further flow of gas from the piston chamber.
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The opening time can be considered to consist of four intervals:
(1) Solenoid Response Time - the time required for the two-position
solenoid pilot valve to shift position after energization. (60 milliseconds)
(2) Blowdown Time - the time required to depressurize the piston
chamber to the pressure at which the piston can begin to move.
(60 milliseconds)
(3) Piston Travel Time - the time required for the piston to travel
sufficiently to pass rated flow. (20 milliseconds)
(4) Controller Reaction Time - the time for the throttling element,
which is initially fully open, to overshoot, recover, and achieve
regulation. (20 milliseconds)
The times shown in parentheses are the times taken from the recorder
traces of Figure 25.
5.4.2.2 Closing Response
When the solenoid pilot valve is de-energized it shuts off the fluid
communication path between the piston chamber and the MFC outlet port and opens
a path from the MFC inlet to the piston chamber. The pressure in the piston cham-
ber then rises to near inlet pressure and is closed by the piston return spring.
When the piston approaches the seat the pressure drop across the piston produces
an additional closing force.
The closing time can be considered to consist of 4 intervals.
(1) Solenoid Response Time: the time required for the two-position
solenoid pilot valve to shift position after de-energization.
( 5 milliseconds)
(2) Pressurization Time: the time required for the chamber to
pressurize to the point when the spring can initiate closing.
(25 milliseconds)
(3) Spring Closure Time: the time required for the spring to return
the piston from its fully open position to the point when the
pressure drop across the piston aids closure.(115 milliseconds)
(4) Pressure Assisted Closure Time: the time required for the
piston to move the final distance under the influence of the
pressure drop across the piston and, to a lesser extent, the
spring force. (10 milliseconds)
These times shown in parentheses are the times taken fromn the
recorder traces of Figure 25.
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5.4. 3 Control Pressure with Varying Inlet Pressure
Pressure regulation performance was obtained over an inlet pressure
range up to 1000 psig with the temperature essentially constant. A typical trace
obtained from one of the four units (an oxygen MFC, Serial No. 02) is included as
Figure 26. This curve shows that the MFC controls outlet pressure high by as much
as 20 psi when the inlet pressure is between 400 and 500 psig for both increasing and
decreasing inlet pressure. The reason for this pressure rise was not established
conclusively but is suspected to be associated with torqueon the cage. The outlet
pressure is low also during increasing inlet . pressure between 700 and 900 psig and
during decreasing inlet pressure between 950 and 700 psig although the effect is not
so great as at the low inlet pressures.
5. 4.4 Control Pressure with Varying kmperature
Pressure regulation performance was obtained throughout the tempera-
ture range with the inlet pressure in the 500-700 psig range. Each unit was tested
without thermal conditioning using a .687 diameter orifice in the outlet. An orifice
of . 624 inch diameter was substituted prior to the test runs in which thermal condi-
tioning was accomplished. A curve plotted for one of the four units (an oxygen MFC,
Serial No. 02) is shown on Figure 27. Similar curves for the remaining three units
are included in the appendix. The curves show that the units were not adjusted as
precisely as was the preproduction unit. (See Figure 21. ) The slope of the constant
flow curve does not match the target slope as well as did the preproduction unit.
5. 4. 5 Thermal Response
Thermal response was conducted on each unit and the results tabulated
in Table 2. This shows the magnitude of the inlet temperature change resulting from
a sudden opening of the liquid nitrogen supply and the time required for the outlet
pressure to reach the new equilibrium pressure.
5. 5 Design Verification Testing
One of the four units ( a hydrogen MFC, Serial No. 01) was subjected
to Design Verification Testing in accordance with DVT5716068, a copy of which is
included in the appendix. Test results are summarized in Table 3. Copies of actual
data sheets are included in the appendix.
5. 5. 1 Endurance Test
The unit was cycled with the solenoid pilot valve at an inlet pressure
of 400 psig. A sufficiently small orifice was installed in the outlet to cause the
throttling element to reach its fully restricted position each time the solenoid valve
opened. Ten thousand cycles we re imposed. Poppet leakage following the cycle
test was approximately the same as before the test. The piston leakage increased
but not sufficient to affect performance
-5 P36i 8-70
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5. 5.2 Pressure Drop Test
The pressure drop test was conducted at an outlet pressure well
below the set pressure to assure that the throttling element was in its fully open
position. At 100 ° F (outlet pressure of 360 psia) the test data indicates a pressure
drop of 60 psi which exceeds the 40 psi design point. The excess pressure drop
resulted from the changes to the cage and cylinder following the prototype tests,
which decreased the open flow area. The pressure drop of the unit is adequate for
the revised inlet pressure range (500 - 700 psig), which requires a pressure drop
less than 155 psi at full flow.
5. 6 Helium Test
One of the two hydrogen units (Serial No. 02) was tested for stability
using helium as the flowing medium. The test setup was identical to that shown on
Figure 18 except that a "six pack" of helium bottles manifolded together was connec-
ted to the MFC inlet in place of the gaseous nitrogen supply . No thermal condition-
ing was employed but the spherical pressure vessel was utilized (by opening b1ll valve
B2) to lengthen the time of the test run. This was necessary since the opening from
the manifolded six pack was too small to meet the flow demand of the MFC. An ori-
fice of . 687 inch diameter was installed in the outlet for this test. The inlet pressure
was approximately 600 psig. No audible instability was detected with helium as the
test medium nor did the outlet pressure as monitored by the recorder indicate an
instability. The length of the test run obtainable by this test method is too limited to
establish conclusively that the MFC is stable with helium flowing.
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6.0 CONCLUSIONS AND RECOMMENDATIONS
6. 1 The all mechanical mass flow controller can control outlet pressure within
i 1 percent over the entire temperature range ( - 250 ° F to + 100 °F) provided the
inlet pressure range is limited to 500-700 psig. Further development is recommended
to increase the inlet pressure range without adversely affecting the control pressure
band. The element in the MFC which requires improvement is the throttling device
(the cylinder and cage).
6. 2 The errors in mass flow control and mixture ratio resulting from a
pressure control error of ± 1 percent were determined by analytical techniques.
It is recommended that these errors be determined also during test firing of a
rocket engine with the propellants supplied through two all mechanical MFC units.
6.3 The error in mass flow and mixture ratio resulting from an error in
control pressure of * 1%o is shown over the entire temperature range in Figure 28
The curve was calculated on the basis of a pressure drop through the fixed restric-
tion of 60 psi (at 100 °F). For a pressure drop of 120 psi the errors in mass flow
and mixture ratios are less. These are plotted in Figure 29 . It is recommended
that the pressure drop allowable through the fixed restriction be reviewed to ascer-
tain whether it can be increased and how much.
6.4 The design which was tested is flow sensitive. Its control pressure changes
when the flow rate changes. This characteristic is undesirable in an application when
one MFC unit supplies a cluster of rocket engines. The flow sensitivity can be con-
siderably reduced, by redesigning so that the flow does not pass through the belleville
spring. Additional improvement can be achieved by reducing the pressure drop be-
tween the throttling element and the outlet port. It is recommended that further
work be performed to determine how much improvement is feasible.
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1.0 SC OP)F
This (doc(ument specifies the test procedure for the Mass Flow Controller
(MIFC) Solenoid Pilol Valve andAdapters supplied to NASA HIouston for controlling
the( flow of gaseous hydrogen and gaseous oxygen propellants, P\N 5716187.
2. 0 TEST RJ: (OJIIREPMF:NTS
2. 1 Test Facilities - All testing shall be conducted at the Systems
D)ivision, Parker Hannifin Corporation, Irvine California Facility.
2. 2 Test Results - Complete test results data shall be recorded
for ea ('h acceptance test.
2. 3 Environnmental - Unless otherrwise specified all testing shall
be conducted witlhin the following environmental conditions:
a, Temperature: 75 ° ± 20°F
b. Relative Hunmidity: 90 percent or less
c. Barometric Pressure: Local Atmosphere
2. 4 Test Media - The test media used for acceptance testing shall
be nitourgtn in accordance withl MIL-P-27,101,
2. 5 Tolerances - Unless otherwise specified, the following tolerances
ap)ply to the application of test requirements and the recording of data:
a. Temnperature: ± 3°F
b. Barometric Pressure: + 5 percent
c. Pressure: + 1 percent
d. Flow Rate: ± 2 percent
e. Leakage Rate: ± 3 percent
S P3(1 8- 70
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3.0 ])lTAIILICD TETST PROCFDURES
3. 1
3. 1. I
Sc)lenoid Va] ve
Pronf Pressure
3. 1. 1. 1 Setup - Connect pressure source to Ports A, B and C to permit
pressurizing all three ports simultaneously.
3. 1. 1.2 Procedure - Apply 3000 psig for 5 minutes.
3. 1. Z Ext e rnal Leakagie
3. 1. Z. 1 Setu! - Same as proof pressure test.
3. 1. 2. 2 Procedure - Apply 2000 psi to ports and immerse valve in freon
or alcohol past the flaInge where solenoid mounts. Observe for bubbles. There
shall be no bubbles during 2 - minute test.
3. 1. 3 Internal Leakaoc
3. 1. 3. 1 Setup - Connect pressure source tc NO PortA and connect tube
to Port B. Cap PortC. Immerse tube in liquid.
3. 1.3.2 Procedure - Apply 2000 psi toPort A and observe for bubbles.
Recor(d numblnl)er of bubbles during 2 minute test.
Remove tube from licquid and energize valve with 28 volts DC. Immerse tube and
observe for bubbles. Record number of bubbles during 2 minute test.
3. 1.4 Actuat ion
3. 1.4. 1
gauge to Port C.
Setup - Connect pressure sourceto NO Port A and connect
Leave Port B open.
3. 1. 4.2 Procedure - Apply 2000 psi to Port A and energize solenoid
with 28 volts DC. De-energize solenoid. Repeat 5 times observing gauge. Valve
must open and close promptly as signified by pressure at the gauge.
"' P',w, 8 70
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5716154 In] etAdapter P roof Test
Setup - Install Inlet Adapter in Fixture No. S65-0-1802.
Procedure - Apply 3000 psi for 5 minutes.
5716155 Outlet AdaDter Proof Test
Setup - Install Outlet Adapter in Fixture No. S65-0-1802.
Procedure - Apply 2000 psig for 5 minutes.
5716068-10]1 and -102 Mass F]) . C:nt rr!le r A ss,,-
Test per PTS5716068 Acceptance Test Procedure.
3.2
3.2.1
3.2.2
3. 3
3. 3. 1
3. 3i.2
3.4
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1.0 SC OP ;:
This document specifies the test procedure for the Mass Flow Controller
(MFIC) supplied to NASA Houston for controlling the flow of gaseous hydrogen and
gaseous oxygen propellants,
PN 5716068-101 Hydrogen Mass Flow Controller
5716068-102 Oxygen Mass Flow Controller
2.0 TF ST RFEQUIREMENTS
2. 1 Test Facilities - All testing shall be conducted at the Systems
l)ivision, Parker Hannifin Corporation, Irvine California Facility.
2. 2 Test Results - Complete test results data shall be recorded
for eCach acceptance test.
2. 3 Fnvironnmental - Unless otherwise specified all testing shall be
condlucted within the following environrmental conditions:
a. Temperature: 75 ° + 20°F
b. Relative Humidity: 90 percent or less
c. Barometric Pressure: Local Atmosphere
2. 4 Test Media - The test media used for acceptance testing shall
be nit rogen in accordance with MIL-P-27401.
2. 5 Tolerances - Unless otherwise specified, the following tolerances
apply to the application of test requirements and the recording of data:
a. Temperature: ± 3°F
b. Barometric Pressure: ± 5 percent
c. Pressure: ± 1 percent
d. Flow Rate: ± 2 percent
e. Leakage Rate: ± 3 percent
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3.0 DF-TAII.D TFEST PROCEDU.)URES
Proof Pressure and External Leakage
Setup - The test setup shall be as shown in Figure 1.
Procedure
Inlet - Open shutoff valves V1 and V3 and close V 2 . Immerse
unit and apply 3000 psig with regulator valve for two minutes. Reduce pressure
to 2000 psig and observe for bubbles. There shall be no bubbles in a two minute
test.
Outlet - Close shutoff valve V 1 and V 3 and open valve V 2 .
Apply 525 psig to inlet port for two minutes. Reduce pressure to 400 psig and
observe for bubbles. There shall be no bubbles in a two minute test.
Internal Leakage
3. 2. 1 Setup - Use setup shown in Figure 1 except attach flow meters
to outlet of shutoff valves V 2 and V 3 suitable for measuring internal leakage.
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3. 2. 2 Procedure
Poppet - Open shutoff valves V1 and V 3 and close V 2 . Using
regulator- valve apply pressure to inlet port of 400, 1000 and 2000 psig. Record
leakage from V 3 .
Piston Seal - Close shutoff valves V and V3 and open V 2 .
Using regulator valve apply pressure to inlet port of 50, 100, 200 and 400 psig.
Record leakage fronm V 2 .
3. 3 Response C: Regu1lation
3. 3. 1 Setup - Usc setup shown in Figure 2. For tests conducted without
adding I N,, use orifice diameter of .687 inch. For tests conducted with LN 2 use
orifice (li;itleter of .624 inch. Record Pl, p2, P3' T1 T 2 , and voltage at solenoid.
3. 3. 2 Ambient Temperature Tests (.687 inch orifice)
3. 3. Z. 1 Using domei loader D1 , establish the pressure which results in
550 * 5(0 p:;ig at P1 when the MMFC is open and flowing. Open MFC shutoff poppet by
closing switch. Use a recorder speed sufficient to obtain response of unit. Close
MiC by op)cning swvitch.
3. 3. 2.2 Open MFC by closing switch with inlet pressure of 350 ± 50 psig.
Increase inlet pressure to 1000 psig and lower to 350 psig, obtaining a trace of
outlet pressure as inlet pressure varies.
3. 3.2.3 Repeat 3.3.2.1 with inlet pressure set for 1000 + 50 psig.
3. 3. 3 Cold Test (.624 inch orifice)
3. 3. 3. 1 Using dome loader DI establish the pressure which results in
550 :t± 50 psig when the MFC is open and with LN 2 injected in quantity sufficient to
prodlu(ce an outlet temperature of -210°F or lower. Using dome loader D2 , establish
a pressure on the IN 2 container required to flow LN 2 at the required rate when
ball valve B2 is opened.
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Ob-ain a3. 3. 3. 2. Close sw\'itch and open ball valve B, simultaneously.
trat(c of outIct pressure as lhe temnperature drops to -2)10 °0 
3. 3. 3. 3 Close 132 (and increase pressure of dome loader D1 if required
to nIaintain inlet pressure to MFC) and obtain trace of outlet pressure as temrnperatur'
\Val'li I to tamlbient.
3. 3. 3.4 Repeat 3. 3. 3. 1 - 3. 3. 3. 3 with inlet pressure of 1000 ± 50 psig.
3. 3. - During response and regulation test
a. Note any region of instability.
b. Observe for evidence of external leakage when MFC is
cold.
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1.(0 S.('I I',
This document specifies the test procedure to be followed for design
verification testing of two mass flow controller assemblies,
PN 5716068-101 Hydrogen Mlass Flow Controller
5716068-102 Oxygen Mass Flow Controller
2. 0 '1 1Sl R 1 OIIIR FNXlEN TS
2. 1 Test }acilities - A~ll testing shall be conducted at the Systems
Division, Poa rl<r Hannifin Corporation, Irvine California Facility.
2. 2 Test Results - Complete test results data shall be recorded for
ea h design v( rification test.
2. 3 ] nvironrnental - Unless otherwise specified, all testing shall
be conL(uclt(d within the following environmental conditions:
a. Temperature: 75' + Z0°F
b. Relative Humtidity: 90 percent or less
c. Baroimetric Pressure: Local Atmosphere
2.4 Test Mvedia - The test media used for design verification testing
shall be nit rogen in accordance with MIL-P-27401.
2. 5 Tolerances - Unless otherwise specified, the following tolerances
apply t(o the application of the test requirements and the recording of data.
a. Temperature: + 3°F
b. Barometric Pressure: ± 5 percent
c. Pressure: ± 1 percent
d. Flow Rate: : 2 percent
e. Leakage Rate: + 3 percent
3.0 DETAILED TEST PROCEDURES
3. 1 Internal Leakage - Conduct internal leakage test .e r ,ara ra-
3.2 of PTS5716068.
3.2 Response K: Regulation - Conduct response and regulation test
per paragraph 3.3 of P1IS5716068.
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3. 3
Nqo DVT5716068 TBY T PAGE _2
RtEV
LTR _ NC
DATE 1 0-8-71a
1P ress4re D rop
33. . I Setup - Use setup shown in Figure 2 of PTS5716068. Use .718 dia
I' rif'ic in out Ilet line.
3. 3.2 Pro(cedurc - Using D)1, set inlet pressure of 300 psic. Clos.e s'.v i'.,
iniitialtng. fl)ow thIrough MlIFC. Increase inlet pressure from. 3,)0 to 400 r.ic in 10 psi
inc reint nts. IRecord inlet pressure, outlet pressure, outlet ternperature, a'
venlturi l']io\vwm(ete r.
3. 4 I ndu rance
3.4. 1I Setup - Use setup shown in Figure 2 of PTS5716068. Install . 160
(li, orif'icc illn outlet linL.
3. 1.4 }'roc,' lmre - Using D1 establish a pressure of 550 ± 50 psig at inlet of
\IFC. Cycl uNit 10, 00 times by closing and opening switch. At conclusion of
test perform Sanhient tenmperature tests and internal leakage test (paragraph 3. 2 and
3. 3. ' of P'1 55716068).
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